The importance of the smallest galaxies
Studies of dwarf galaxies, especially those with a significant neutral hydrogen (H I) component, offer unique opportunities to test cosmological and galaxy formation models. Living in low-mass dark matter (DM) halos, these systems are the most susceptible to feedback processes and disruption of their baryonic component. Yet they survive, and field dwarfs even retain their gas reservoir. Leo T is a prime example: this galaxy has an H I mass of 4.2 × 10 5 M [1] and a stellar mass of only 10 5 M [2] . This galaxy has recent star formation and is on the periphery of the Milky Way: how has it retained its neutral gas reservoir?
The low-mass regime is also where predictions from cosmological simulations and observations of galaxies have the strongest divergence. Much of this can be explained by baryonic processes, but this physics is implemented at the sub-grid level and predictions for low mass galaxies are extremely sensitive to the resolution of the survey, e.g., [3] . Observations of low mass galaxies can be used to address a few key questions to help constrain and interpret results from simulations:
What is the lowest mass galaxy that can form? There is a dearth of observed low-mass galaxies compared to theoretical predictions for the number of low-mass DM halos. In the Local Group, this is the canonical "missing satellites problem". This discrepancy can be explained by baryonic processes resulting in the loss of gas from the lowest mass halos, resulting in DM halos that lack an observable counterpart. An important constraint for the simulations is determining if there an abrupt cutoff in galaxy mass and/or DM halo mass at which there are no longer observable galaxies. As the resolutions of simulations increase, they generally produce lower mass galaxies [3] , and at the same time, as observations have increased in sensitivity, new low-mass galaxies have been discovered [4] . Observational studies to date have concentrated on satellite galaxies around more massive central galaxies where environmental processes are important. An important step forward is to expand this work to low-mass field galaxies as isolated systems. As these galaxies are typically gas-rich, H I surveys are an excellent means of both identifying and studying these galaxies.
Which DM halos do low mass galaxies live in? The explanation for the lack of low mass galaxies requires that not all DM halos host an observable galaxy. An important test of the simulations that reproduce the required number of galaxies is to observationally confirm that observed dwarf galaxies live in the DM halos that we expect. The naive expectation is that more massive DM halos host galaxies while lower mass ones do not. However, observations appear to show that observed dwarf galaxies live in less massive DM halos than expected (the "too big to fail" problem). This was originally seen in the satellites of the MW [5] but has recently been recognized to occur for field galaxies also; this is important because many of the proposed explanations for this discrepancy rely on interaction with the central galaxy [6] . The kinematics of (marginally) resolved low-mass galaxies can be used to address this observationally, by using rotation curve modelling or simply a last measured velocity and radius to constrain the largest DM halo that could host a galaxy [6] . Identifying low mass galaxies through resolved H I surveys is an efficient observational strategy as the kinematics are provided immediately, and the identified systems are likely field galaxies.
Are low mass galaxies arranged in vast structures around more massive central galaxies? Structures of satellite galaxies have been identified around the Milky Way [7] , Andromeda [8] and Cen A [9] . These structures were not predicted from simulations, and it is not clear if they are expected to be common in ΛCDM. H I surveys can help address the origin of these structures: are they also seen in gas-rich dwarf galaxies? These systems are more isolated and further from central galaxies; this would indicate that these structures may be connected to large scale structure.
Prospectus for current surveys
Several of the large H I imaging surveys already planned with MeerKAT have the potential to detect and/or resolve galaxies in H I mass ranges of key interest. The three surveys that we consider are MIGHTEE, Fornax and MALS 1 . These three surveys are described elsewhere in this volume; here we briefly summarize a few key parameters for predicting their utility in detecting and resolving low mass galaxies. For comparison, we also consider large H I surveys planned with other SKA pathfinders; these are WALLABY with the Australian SKA Pathfinder (ASKAP), and the Shallow Northern Sky (SNS) and Medium Deep Survey (MDS) with Apertif, a phasedarray feed for the Westerbork Synthesis Radio Telescope. Table 1 summarizes the relevant survey parameters. Figure 1 shows the detection space for the MeerKAT surveys compared with the other surveys. The sensitivity and resolution of MeerKAT allows the planned surveys to detect and resolve low-mass H I sources to further distances than the surveys planned with other telescopes.
MIGHTEE is a simultaneous continuum and H I survey of 20 deg 2 . MIGHTEE will have a sensitivity of ∼150 µJy beam −1 per 26 kHz channel when tapered to a 6.9 beam. For a linewidth of 20 km s −1 , this corresponds to a 3-σ sensitivity of 1.25 × 10 20 atoms cm −2 , or 1 M pc −2 .
The MeerKAT Fornax Survey is an H I and continuum survey of the Fornax cluster. This survey has a similar sensitivity to MIGHTEE with a footprint of about half the size (12 deg 2 ). An important key difference is that this field is specifically chosen because of large scale structure: the Fornax cluster, located at a distance of ∼20 Mpc.
MALS will be 1000 separate pointings at bright radio sources to search for intervening H I and OH absorption lines. Simultaneously, a shallow, sparsely sampled H I imaging survey will be provided. Since the survey consists of separate pointings, the sensitivity is not uniform. We require a 3-σ column density limit of 1.25 × 10 20 atoms cm −2 for a linewidth of 20 km s −1 . Then, for a 16 beam, the effective area of MALS is 410 deg 2 . We approximate the point source sensitivity by using the average value between the center of a pointing and the edge set by our column density sensitivity requirement.
WALLABY is a shallow all-sky H I survey with ASKAP. The stated goals of the survey are to survey 31,000 deg 2 at 30 resolution with a sensitivity of 1.6 mJy bm −1 in a 4 km s −1 channel [11] . For an intrinsic linewidth of 20 km s −1 , this corresponds to a 3-σ column density limit of 5.3 × 10 19 atoms cm −2 . In Table 1 we assume 50% WALLABY sky coverage; due to a likely decrease in sensitivity the mapping speed of ASKAP will decrease by a factor of ∼2, and this represents that effect. For a full WALLABY survey, the predictions can be multiplied by a factor of two.
The Apertif SNS will cover ∼3500 deg 2 to a similar sensitivity level as WALLABY. The rms noise in a 20 km s −1 channel is expected to be 0.65 mJy bm −1 [12] . The Apertif beam depends on the declination; for an average 20 beam this corresponds to a 3-σ column density limit of 1.1 × 10 20 atoms cm −2 . The Apertif MDS is deeper observations of a ∼450 deg 2 region, reaching 0.25 mJy bm −1 for a 20 km s −1 channel, or a 3-σ column density limit of 4.1 × 10 19 atoms cm −2 . Part of the MDS footprint includes the local overdensity of the Canes Venaciti loose groups, CVn I and CVn II.
We use the survey parameters to make predictions for the number of sources that we expect the different surveys to both detect and resolve. We focus on two mass regimes of particular interest: (a) 10 5 < M HI < 10 7 M as the lowest mass systems where we wish to determine how many and which galaxies survive and (b) 10 7 < M HI < 10 8.5 M as the mass range where more resolved H I kinematics can help address the too big to fail problem [6] . We integrate the H I mass function (HIMF), assuming the line flux detection limits in Table 1 . There we report the 5-σ detection limit for a 30 km s −1 linewidth unresolved source; this is the typical width for a galaxy with M HI ∼ 10 6 M . This same limit is the 3-σ detection limit for a 84 km s −1 linewidth source, a velocity width more typical for galaxies of ∼ 10 8 M . In general we use the HIMF from the ALFALFA H I survey as a representative field HIMF [13] . For the Apertif MDS we also use the CVn HIMF [14] for the relevant part of the volume to properly account for the known overdensity. The CVn HIMF has a higher normalization than the ALFALFA HIMF as it represents an overdense region of space. At the same time, the slope of the low mass end is flatter, likely due to processing by the environment and loss of H I from some of the galaxies. Fornax includes an overdensity, but, as a cluster, is an even more extreme environment where fragile low mass H I objects are likely to be destroyed. Determining the HIMF of Fornax is a science goal of that survey. We use the ALFALFA field HIMF as an approximation. Because it does not account for the known overdensity, more low mass H I sources are likely be detected than we predict.
In order to determine how many resolved objects are expected to be detected, we again integrate the appropriate HIMF but set distance limits for each mass bin based on how far out an object can be resolved, rather than to where it can be detected. In order to set these distance limits, we use the H I mass-diameter relation [15] , a tight correlation between the H I mass of a galaxy and its diameter at the 1 M pc −2 (1.25 × 10 20 atoms cm −2 ) level. For the roughest constraint of the resolved kinematics of galaxies, we ask for 3 beams across a galaxy. This is not enough for detailed kinematic modelling but may be enough to constrain a maximum velocity and the extent at which occurs, allowing a constraint on the largest DM halo that may host a galaxy following the methodology of [6] . We also predict how many systems will be resolved by five or more beams; these can be more fully modelled. Table 2 reports our predictions. We note that these numbers should serve as a rough guide only. We do not account for any scatter in the H I mass-diameter relation or for cosmic variance (except to discard systems with D < 3 Mpc; objects at this distance or closer may be at low velocities that are confused with foreground Milky Way H I emission). This latter point point is especially important. MIGHTEE and Fornax have small footprints and so the structure along the line of sight will heavily influence the final number of detections. The other surveys are relatively shallow and so can only detect and resolve low mass galaxies at small distances, and structure in the local Universe will strongly change their predictions. Figure 2 depicts the comparison in the number of expected detected and resolved (>5 beams) sources for the various surveys. While the MeerKAT surveys are more sensitive and have better resolution, the shallow surveys planned with other telescopes are expected to detect (and resolve) more objects due to their large footprint. The MeerKAT surveys may detect as many ∼60 sources with H I masses below 10 7 M , approximately double the number of sources in this mass range in the literature. Given the rough value of these estimates, the MeerKAT surveys should at least provide a sample of the lowest mass H I-selected dwarfs comparable to samples currently available. The surveys will also well resolve ∼15 objects in the mass range 10 7 − 10 8.5 M , an important parameter space for determining which DM halos host observable galaxies. A further ∼60 objects will be marginally resolved, which may provide enough information to constrain their hosting DM halo.
A dedicated MeerKAT project for the smallest galaxies
MeerKAT has the sensitivity and resolution to greatly advance studies of the lowest mass gas-rich galaxies. The planned large surveys will produce a sample of the lowest-mass H I-rich dwarf galaxies and a sample of resolved dwarf galaxy kinematics comparable to currently existing samples. However, this is not the prime focus of any of these surveys. Here we propose a 1000 hour survey (850 hours of on-source time) that would have a lasting legacy.
Proposed survey
We propose a survey of the Centaurus region, encompassing the M 83 and Cen A galaxy groups. These are among the closest galaxy groups to us; the Cen A group is at a distance of 3.76 Mpc, and the M83 group is at a distance of 4.79 Mpc [16] . The left panel of Figure 3 shows the distribution of distances for galaxies in this structure. Importantly for H I studies, these groups have mean recessional velocities that are clearly distinct from foreground Milky Way H I emission; the distribution of velocities of galaxies in these groups are shown in the right panel of Figure 3 . This both allows the detection of H I sources without confusion with Galactic H I and the assignment of a group distance without any optical measurements. [16] . Right: Histogram of velocities of galaxies in Centaurus from [16] . The systems are well separated from Galactic emission and systems with velocities of ∼ 600 km s −1 can be directly associated with Centaurus without a distance measure.
A core requirement for this survey is the ability to detect an object similar to Leo T over the volume of the group. The H I mass of Leo T is 4.2 × 10 5 M [1], and the group edge is at 7 Mpc. This corresponds to an H I flux of 36.3 mJy km s −1 . To calculate the time required to detect such a source, we take 30 km s −1 as a maximum linewidth for such a low-mass object (the linewidth of Leo T is ∼20 km s −1 ). Using the updated specifications for MeerKAT (SEFD = 424 Jy), and assuming a 1.5 loss of sensitivity for a robust weighting scheme, we find that we require 1.7 hours of on-source integration time for a 5-σ detection.
An important constraint is that we wish to be sensitive to the main H I disk of resolved systems. We require that we be able to detect the column density level of 1.25 × 10 20 atoms cm −2 (1 M pc −2 ) at the 3-σ level for an intrinsic linewidth of 20 km s −1 . For an on-source integration time of 1.7 hours, this implies a 16 beam or larger be used for imaging.
We consider a survey footprint of 300 deg 2 . This is a large enough survey footprint to extend well beyond the virial radii of M 83 and Cen A, where we expect to detect few gas-rich galaxies [10] , and to map the region between the two subgroups. This footprint is shown in Figure 4 . As discussed in the previous section, a large survey footprint is critical for increasing the number of low-mass sources detected. In order to calculate the total time for the survey, we assume an effective field of view of 0.6 deg 2 for each pointing. Then, it takes 850 hours of on-source integra-tion time (or ∼1000 hours total including overhead) to map the Centaurus region to the required sensitivity. The parameters of this proposed survey are included in Table 1 . Figure 4 : Galaxies in the Centaurus group from [16] (circles) plus potential dwarf galaxy members (gray stars) from [17, 18] . The proposed 300 deg 2 footprint is shown by the red box.
Expectations for the survey
Given our sensitivity limit, beam size, and footprint area, we can predict how many sources we expect to detect and resolve. We use the same mechanisms as in the previous section where we integrate the HIMF using our survey parameters. As this survey specifically targets an overdense region, we use the CVn HIMF for the distance range of the Centaurus group, 2-7 Mpc. We also make predictions for the detection of background sources at distances greater than 7 Mpc using the ALFALFA HIMF. Figure 5 shows our predictions for the proposed survey. In the left panel we show the predictions for the Centuaurs region only. In the right panel we compare the complete Centaurus survey (including background sources) to other planned surveys. We also report the number of sources we expect to detect in Table 2 .
Key science of the survey
This proposed survey of the Centaurus region would detect and resolve a similar number of galaxies as large-field surveys with other telescopes. However, one key difference is that any detected H I sources at velocities below 800 km s −1 can be associated with Centaurus and thus have a group distance without optical follow-up. Good distances are key for studies of low mass galaxies [19] . Key science questions that will be addressed by this survey are:
How many galaxies like Leo T exist in a typical galaxy group? By design, this survey will be able to detect an object with the H I mass of Leo T throughout the Centaurus region. Leo T is on edge of detectability for SDSS, and its H I content is almost confused in velocity-space with the Galactic foreground. Since the discovery of Leo T, further optical and H I searches have only uncovered one similar system, Leo P, which has an H I mass of 8.1 × 10 5 M , a stellar mass of 5.6 × 10 5 M , and sits just outside the Local Group at a distance of 1.62 Mpc [20] . Given the observational difficulties in detecting these systems in our own galaxy group and the fact that Leo P was discovered as an H I source [21] , the best way to determine how common marginal systems like Leo T are may be by surveying an external galaxy group in H I.
How is the gas distributed in these systems and what is the potential for star formation? At a median distance of 4 Mpc, a 16 beam corresponds to a linear resolution of 300 pc. This is comparable to the physical size of Leo T but would allow more massive systems to be (slightly) resolved. MeerKAT data has the large advantage that it can be imaged at multiple spatial scales. Higher resolution maps can be produced, at the expense of column density sensitivity, in order to localize high column density emission. In addition, deeper follow-up observations with MeerKAT of the most intriguing low-mass systems can be undertaken in order to image the H I at higher angular resolution. Both Leo T and Leo P have a cool neutral medium component, evidence for cooler dense gas and the potential for star formation [22, 23] . It this common at this mass scale? Do the satellite structures extend to the field? Recent observations show that the satellite galaxies around Cen A are arranged in a plane [24] . With the addition of H I observations, we can see if this structure extends to gas-rich galaxies that are more removed from Cen A. If this structure extends further, that is a clue that it may be related to large scale structure.
What halos do low mass galaxies live in? We expect to well resolve ∼10 sources in the Centaurus region below 10 8.5 M . These galaxies can serve as an important comparison sample for other H I field surveys as they live in a denser environment. Does environment affect our predictions for the halos that host galaxies of a given mass even when looking at an H I rich population? 
Conclusions
Studies of the smallest galaxies offer critical tests for cosmology and galaxy formation. Currently planned MeerKAT surveys have the potential to double the number of low-mass dwarf galaxies with M HI < 10 7 M . They will also provide a number of (marginally) resolved systems below 10 8.5 M comparable to current samples in the literature. The resolved H I data allow a constraint on halos that galaxies live in which can be compared to results from abundance matching. This is a significant increase in the number of known and resolved systems in these mass ranges, but not competitive with H I surveys planned for other SKA pathfinders. We propose a survey of the Centaurus region, including the M 83 and Cen A galaxy groups, which would robustly address questions on low-mass galaxies, notably: "How common are systems like Leo T?". This survey would also play an important role in the recent, open question of satellite galaxies forming vast structures; the H I observations would reveal if dwarf galaxies continue to from this structure further from the central galaxy, implying that it may be connected to large scale structure.
